The aim of this study was to compare the virulence characteristics and phylogenetic features of enteroaggregative Escherichia coli (EAEC) strains from adults with and without diarrhoea and to search for associations between the analysed genes and carrier or diarrhoeagenic strains, respectively. Faecal samples of 487 healthy humans were screened for EAEC strains and compared with isolates from diarrhoeal patients. Virulence and virulence-associated gene typing, serotyping, multilocus sequence typing and antibiotic susceptibility testing were performed for characterization of the isolates. Characteristics significantly linked to carrier strains or to diarrhoeagenic strains were determined. From 487 stool samples, 24 EAEC strains were obtained. Comparison with strains originating from diseased persons showed a statistically significant association of the genes sat (P50.002) and agg3C (P50.0139) with the carrier strains, and of pCVD432 (P50.0001), aap (P50.003), aggR (P50.0048) and air (P50.031) with the diarrhoeagenic strains. Our study indicates that a certain subset of EAEC is unrelated to diarrhoea, for which sat and agg3C may be markers. Our results further suggest that diarrhoeagenic EAEC strains are distinguishable from carrier strains and suggest that, in addition to well-established markers such as pCVD432 and aggR, aap and air may be useful additional markers to define EAEC as an aetiological agent of diarrhoea in adults.
INTRODUCTION
Enteroaggregative Escherichia coli (EAEC) infection is a common cause of diarrhoea worldwide and is frequently seen as an aetiological agent of persistent paediatric diarrhoea in developing as well as in industrialized countries (Huang et al., 2006) . In industrialized countries, EAEC has been described as a cause of diarrhoeal illness in individuals with immune deficiency syndrome and in travellers visiting less developed areas of the world (Kaur et al., 2010) . EAEC is becoming increasingly recognized as a major cause of sporadic diarrhoea in otherwise healthy adults and children in industrialized countries. As well as sporadic cases, outbreaks of EAEC-caused diarrhoea that include foodborne outbreaks have been described (Smith et al., 1997; Morabito et al., 1998; Scavia et al., 2008) . The outbreak of Shiga toxin-producing EAEC in northern Germany in 2011, with related cases in 15 other countries, received international attention, afflicting some 3000 people and causing over 800 cases of haemolytic uraemic syndrome and 46 deaths (Rasko et al., 2011) . This outbreak revealed the alarming capability of this pathogen to genetically recombine, resulting in a phenotype of devastating proportions (Mellmann et al., 2011) .
Because EAEC can persist in recovered or subclinical cases (Huang et al., 2003) and thereby contribute to cryptic dissemination, its detection and prediction of its virulence and pandemic potential are of challenging importance. EAEC are traditionally defined by their ability to adhere to HEp-2 cells in culture in a so-called 'stacked-brick' aggregative formation (Nataro et al., 1987) . This adherence assay, which remains the gold standard for EAEC identification, has been increasingly supplemented by PCR methods based on detecting virulence factors. Most isolates classified by HEp-2 assays test positive for aggR, a central regulator of virulence functions in EAEC, which are found, albeit not exclusively, to be lacking in non-diarrhoeagenic isolates (Estrada-Garcia & Navarro-Garcia, 2012) . Typical (aggR + ), as opposed to atypical (aggR has also become well established as a molecular marker for pathogenic isolates (Schmidt et al., 1995) . To date, however, no unique stable virulence marker has been identified as common to this large, heterogeneous group of potentially diarrhoeagenic E. coli, representing a major difficulty in identifying pathogenic EAEC (Kaur et al., 2010) . In view of the fact that EAEC is an emerging global pathogen, and in order to gain knowledge of its true burden on human health, it is important to refine relevant marker tests to detect virulence and phylogeny of circulating strains and to enhance the ability to distinguish between non-pathogenic and pathogenic EAEC strains.
The aim of the present study was therefore: (i) to determine the prevalence of EAEC harboured by a collective of healthy persons in Switzerland; (ii) to characterize such isolates, as well as isolates from patients affected by diarrhoeal illness, by virulence and virulence-associated gene analysis, serotyping, multilocus sequence typing (MLST) and antibiotic susceptibility testing; and (iii) to detect factors that may be of use in distinguishing between diarrhoeagenic and non-diarrhoeagenic EAEC.
METHODS
Sample collection and microbiological processing. In an ongoing study of routine stool samples from healthy staff members of meat-processing factories, 487 faecal samples were collected from September to November 2011. The native samples were sent to the laboratory within 24 h and kept until investigation. The analysed population consisted of adults without diarrhoea aged between 20 and 60 years. To isolate EAEC, one loopful of faeces was streaked onto sheep blood agar (Difco Columbia Blood Agar, Base EH, Becton Dickinson; 5 % sheep blood SB055, Oxoid) and incubated for 18 h at 37 uC. The grown bacteria were washed off the agar with 2 ml 0.85 % sodium saline solution, and 100 ml of the suspension was processed by a standard heat lysis protocol to extract DNA. PCRs targeting the genes pCVD432 (Schmidt et al., 1995) and agg3C (Bernier et al., 2002) were performed as described previously. If positive for either or both genes, a loopful of the washed cells was streaked onto MacConkey agar (Oxoid), incubated overnight at 37 uC, and the colonies were picked and subcultivated on sheep blood agar (16-18 h, 37 uC). Subcultivated colonies were lysed and PCR for pCVD432 and agg3C was performed as described above. If more than one picked colony per sample was positive for the respective gene and the virulence pattern was the same, all isolates were assumed to be identical. For further characterization, only one EAEC isolate was selected from each stool sample. EAEC strains isolated from diseased humans collected from 2010 to 2012 were provided for this study by the National Reference Centre for Enteropathogenic Bacteria and Listeria (NENT), Switzerland. For this study, isolates from adult patients only were selected, in order to match the sample collection gained from healthy humans.
Adhesion assay with EAEC Suspected EAEC (pCVD432-and/or agg3C-positive samples) were characterized by the pattern of adherence to HEp-2 as described by Karch et al. (1993) , with minor modifications. Briefly, HEp-2 cells were grown for 48 h with 5 % CO 2 on sterilized coverslips (13 mm diameter; Bibby Sterilin) in 24-well flat-bottomed tissue culture plates with a low-evaporation lid (16 mm diameter, Falcon; BD Biosciences) containing minimum essential medium (MEM) with Earle's salts, 25 mM HEPES without Lglutamine (Gibco Invitrogen) supplemented with 10 % FCS (Bio Concept), 1006 MEM Non-Essential Amino Acids without Lglutamine (Gibco Invitrogen) and 1006 GlutaMAXT Supplement (200 mM; Gibco Invitrogen). Bacteria used for the adhesion assay were grown overnight in Luria-Bertani broth Miller (Becton Dickinson). Prior to incubation, the confluent cells were washed twice with Dulbecco's PBS (16 D-PBS without calcium and magnesium; Gibco Invitrogen). E. coli diluted 1 : 100 in 1 ml fresh medium (MEM with supplements) was added to the cells and was incubated for 3 h at 37 uC and 5 % CO 2 . After this incubation period, monolayers were washed five times with D-PBS and the cells were fixed for 10 min with methanol. After staining with May-Grünwald Giemsa stain (Fluka), the coverslips were examined by light microscopy to determine the adherence patterns of the strains.
Serotyping. Serotyping of O and H antigens was performed using standard methods at the National Reference Laboratory for Escherichia coli, Federal Institute for Risk Assessment, Berlin, Germany. Non-motile strains that were serologically not typable for their H antigens were analysed for their fliC genotypes, as described previously (Beutin et al., 2007) .
Genotyping. All isolates were investigated for the presence of 20 different virulence factors or virulence-associated genes harboured by E. coli. PCRs targeting stx1 and stx2 (Perelle et al., 2004) , iha (Schmidt et al., 2001) , saa (Paton & Paton, 2002) , pCVD432 (Schmidt et al., 1995) , aggR, aap, agg4A, aggA, aafA, aaiC, air, eilA (Boisen et al., 2012) , agg3C (Bernier et al., 2002) , astA (Yamamoto & Nakazawa, 1997) , sat and sigA (Boisen et al., 2009) , pet, pic and sepA (Restieri et al., 2007) were performed. Custom-synthesized primers were obtained from Microsynth.
MLST. Internal fragments of seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA and recA) were amplified as described by Wirth et al. (2006) , custom sequencing was performed by Mircrosynth, and alleles and sequence types (STs) were assigned in accordance with the E. coli MLST website (http://mlst.ucc.ie/).
Antimicrobial susceptibility testing and characterization of bla genes. All isolates were subjected to susceptibility testing against 13 antimicrobial agents by the disc diffusion method according to Clinical and Laboratory Standards Institute (CLSI) protocols and the results were evaluated according to CLSI criteria (CLSI, 2011) . The antibiotics (Becton Dickinson) tested are listed in the footnote to Table 1. The amoxicillin-clavulanic acid disc was placed nearby the cefotaxime disc, and a resulting synergy effect was documented. The isolates that showed a synergy effect between amoxicillin/clavulanic acid and cefotaxime were then confirmed as extended-spectrum b-lactamase (ESBL) producers on Müller-Hinton agar plates using Etest ESBL strips containing cefotaxime, cefepime or ceftazidime each alone and in combination with clavulanic acid (bioMérieux) according to the manufacturer's recommendations.
The isolates were analysed by screening for bla genes. DNA was extracted by a standard heat lysis protocol. Thereafter, amplification of b-lactamase genes was performed as described previously (Pitout et al., 1998; Woodford et al., 2006; Geser et al., 2012) . The resulting amplicons were purified using a PCR Purification kit (Qiagen) according to the manufacturer's recommendations. Custom sequencing was performed by Microsynth and the nucleotide and protein sequences were analysed with Codon Code Aligner v.3.7.1.1. For database searches, the BLASTN program of NCBI (http://www.ncbi. nlm.nih.gov/blast/) was used. 
RESULTS

Isolation and HEp-2 cell adhesion of EAEC from healthy human carriers
From 487 samples of healthy individuals, 24 EAEC isolates were detected, giving rise to a prevalence of EAEC of 4.9 % in the analysed group. All presumptive EAEC adhered in a HEp-2 cell adherence assay in the aggregative adherence pattern and tested negative for ETEC heat-labile and heatstable toxin (Kaper et al., 2004) . They were therefore considered to be confirmed EAEC. Twenty of these strains (91.6 %) tested positive for agg3C only, two (8.3 %) for pCVD432 only and two (8.3 %) were positive for both agg3C and pCVD432.
Selection of samples from diseased individuals
Confirmed EAEC isolates from diarrhoeal patients were provided by the NENT. For comparison with isolates from the healthy carriers, 10 strains originating from adults (.16 years of age) during the timescale of 2010-2011 were selected. Five of these strains (50 %) tested positive for agg3C, nine (90 %) for pCVD432 and four (40 %) for both agg3C and pCVD432.
Serotypes, multilocus sequence types and genotypes
The results of serological and genomic characterization of the 24 carrier isolates and the ten diarrhoeagenic isolates are summarized in The distribution of virulence and virulence-associated genes among the carrier and the diarrhoeagenic isolates and the statistical analysis thereof is shown in Table 2 . Statistically significant associations with either carrier or diarrhoeagenic isolates were found for agg3C and sat, or pCVD432, aggR, aap and air, respectively.
Strong association with carrier isolates was found for agg3C and sat; the former as mentioned above was found in 91.6 % of the isolates and the latter was detected in 19 isolates (79.2 %) with P50.0139 and P50.002, respectively.
The strongest association with diarrhoeagenic isolates, with P50.0001, was found for pCVD432, as mentioned above, detected in 90 % of the isolates, followed by aap, which was detected in 90 % of the diarrhoeagenic isolates (P50.003). 
EAEC from carriers and from patients with diarrhoea
There was a significant difference in the distribution of aggR (P50.0048), with 83.3 % of the carrier isolates displaying an aggR 2 genotype and 70 % of the diarrhoeagenic isolates showing an aggR + genotype, resulting in an association of atypical EAEC with carrier, and typical EAEC with diarrhoeagenic isolates, as defined by Kaper et al. (2004) .
Antimicrobial susceptibility testing
The antimicrobial resistance profiles of the analysed isolates are shown in Table 1 . When applying CLSI criteria, ten carrier (41.6 %) and eight diarrhoeagenic (80 %) isolates were resistant to ampicillin in the disk diffusion test. High rates of resistance (37.5 % of carrier and 80 % of diarrhoeagenic isolates) were detected for sulfamethoxazole, and for trimethoprim (25 and 70 %, respectively).
Multiresistance, as defined by resistance to three or more antibiotic classes, was detected in eight (33.3 %) and six (60 %) of the carrier and diarrhoeagenic isolates, respectively.
Two diarrhoeagenic isolates, P11-379 and P11-498, were found to express CTX-M-14 ESBL, the latter additionally producing TEM-1.
DISCUSSION
EAEC is an important cause of diarrhoea in developing and industrialized countries, in sporadic and outbreak situations. Although EAEC is an important aetiological agent of diarrhoea, identification of pathogenic EAEC remains difficult. At the molecular level, a plethora of virulence factors and virulence-associated factors have been associated with clinically relevant isolates. Nevertheless, a globally applicable marker has not been identified for the detection of diarrhoeagenic EAEC, possibly reflecting geographical variations or differences among the studied populations (EstradaGarcia & Navarro-Garcia, 2012) , but also highlighting the heterogeneous character of EAEC. Furthermore, EAEC is known to cause asymptomatic colonization (Mathewson et al., 1985) . Reliable discrimination of diarrhoeagenic strains from carrier strains could therefore be of high value for the diagnosis of EAEC as a causative agent of illness.
In our study, we detected a faecal carriage rate of EAEC in healthy carriers of 4.9 %. This is higher than the rates of 1.7 and 2 % described in two studies between 2006 and 2009 from the USA with asymptomatic volunteers and outpatients and a collective of outpatients without diarrhoea (Cennimo et al., 2009) , respectively. EAEC has been shown to cause inapparent infections in 10 % of travellers to Mexico . These results are suggestive of an increase and possible underestimation of asymptomatic carriage rate of EAEC, and indicate that certain subsets of EAEC develop a non-inflammatory relationship with the host's intestinal epithelium.
We found isolates from healthy carriers to be significantly distinguishable from diarrhoeagenic isolates by virtue of their lack of the AggR regulon, pCVD432, Aap and air, a chromosomally located gene that encodes the Air adhesin and is not regulated by AggR (Boisen et al., 2012) .
Interestingly, agg3C, a gene encoding the aggregative adherence fimbriae (AAF)-III usher subunit (Bernier et al., 2002) , was significantly associated with carrier isolates. However, we note that our EAEC screening included the well-established gene probe for agg3C (Bernier et al., 2002) , potentially introducing strain selection bias. Another gene significantly associated with carrier isolates was sat, a gene encoding a secreted autotransporter toxin that has a cytopathic effect on epithelial cells (Boisen et al., 2009) . Both gene products play essential roles in the colonization and modification of the host's intestinal mucosa (Kaper et al., 2004) . As typical for a primary virulence factor in EAEC, aag3C is located on the pAA plasmid, but in the case of a significant number of carrier isolates, this plasmid lacks its transcriptional activator gene, aggR.
Plasmid typing of various pAA EAEC plasmids has shown that they share a common plasmid backbone and modules of EAEC-associated virulence genes but differ considerably in genetic composition and gene localization, suggesting that substantial gene shuffling and rearrangements take place (Johnson & Nolan, 2009 ). Thus, changes in the plasmid content, such as deletion of virulence or virulenceassociated genes, may represent a strategy displayed by a subset of EAEC to downregulate virulence and to establish a long-term non-inflammatory relationship with the host epithelium. Further investigations of the rearrangements on the pAA plasmids of pathogenic as well as nonpathogenic EAEC are needed in future, as this is a hitherto largely unstudied area.
We found isolates from diarrhoeic patients to be distinguishable from the carrier isolates on account of the presence of aggR and pCDV432. In addition, aap, encoding the dispersin surface protein, was found to be significantly associated with the diarrhoeagenic isolates of this study. Dispersin facilitates the propagation of EAEC across the intestinal mucosal layer, counteracting the aggregating effects of adhesins, and has been reported to be highly immunogenic (Sheikh et al., 2002) , indicating that it plays a primary role in the clinical manifestations of EAEC infection. These manifestations result from a complex interaction between the genetic characteristics of the EAEC strain, its inoculum upon ingestion and the host susceptibility (Huang et al., 2006) , including the host's IL-8 genotype . Our study describes aap as significantly associated with diarrhoeagenic EAEC, suggesting that it may be a useful marker in the definition of EAEC as an aetiological agent in cases of acute diarrhoea in adults in the geographical area studied.
Although there was no significant difference in antibiotic susceptibility patterns of carrier and diarrhoeagenic isolates, the high rate of resistance in pathogenic isolates as well as the emergence of CTX-M b-lactamases in EAEC need to be taken into consideration when evaluating therapeutic options.
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In conclusion, our study provides information regarding the characteristics of non-diarrhoeagenic as well as diarrhoeagenic EAEC. Discrimination of pathogenic EAEC from carrier strains is important for individual case management and epidemiological surveillance.
